In this work experimental trials of welding of NiTi flat plates with 2.0 mm thickness were conducted using a 4.5 kW continuous wave (CW) Nd:YAG laser. The influences of laser output power, welding speed, defocus amount and side-blow shielding gas flow rate on the morphology, welding depth and width, and quality of the welded seam were investigated. Meanwhile, the effects of heat input on the mechanical and functional properties of welded joints were studied. The results show that laser welding can take better formation in NiTi alloys. The matching curves with laser power and welding speed affecting different formation of welds were experimentally acquired, which can provide references for laser welding and engineering application of NiTi alloy. The heat input has obvious effects on the ultimate tensile strength (UTS) and shape memory behavior of the welded joints.
Introduction
NiTi shape memory alloys (SMA) can offer the best combination of functional properties in several shape memory effects (SME) and pseudoelasticity (PE) applications [1] . Due to the low formability alloys, a suitable joining technique must be found to obtain devices and components with complex geometries. Only a few welding techniques for joining NiTi alloys are reported in the literature [2] [3] [4] [5] . In recent years the laser has been successfully introduced as a suitable joining technique for NiTi plates. In particular, the Nd:YAG source is suitable for welding low thickness components due to its high precision and reduced HAZ [4] . Moreover, appropriate control of the process parameters can ensure good reproducibility of the results [6] .
The effects introduced by the weld on the martensitic transformation will depend both on the microstructure of the reference material and on the welding process parameters. Before the laser welding technology is widely used for NiTi shape memory alloy (SMA), a deeper understanding needs more data on welding process parameters and unfortunately very few experimental comparisons on the welding process parameters are reported [4, [6] [7] [8] [9] . A large number of experiments on the welding process parameters would need to be measured to generalize regularities.
In this paper, 2.0 mm thickness NiTi flat plates have been tested for butt welding by Nd:YAG laser. The aim of this experimental work is to explore the possibility of welding of NiTi SMA with different welding process parameters, accumulate database, and enlarge the application scope of laserwelding technology. Meanwhile, the laser welding for other SMA materials would benefit from the process regularities acquired through the experiments.
Experimental Details
Ti-50.9at.%Ni sheets about 2 mm in thickness were used throughout this investigation. The sheets were produced by cold rolling and successive ageing by heat treatment at 850 ∘ C for 30 minutes in pure argon atmosphere.
Before welding, any oxide layers and contamination were removed from the surfaces of the plates. In particular, the surfaces for welding were cleaned with acetone and ethanol and then dried. The welding process was carried out using a Nd:YAG laser source (Gsi Lumonics AM356, 4.5 kW) operating in continuous wave (CW). One kind of special shielding equipment, made of copper, was prepared to protect the welding zone against possible reaction between the molten metals and ambient air and to avoid the material overheating. Flow of high-purity argon gas can pass through the molten pool from top, back, and lateral sides. Metallographic sample of the welded seam was prepared using standard mechanical polishing procedures and etched in HF : HNO 3 : H 2 O solution in volume ratio of 1 : 3 : 10. Microstructure of the welded seam was characterized by Olympus optical microscopy. The employed parameters were optimized based on our experimental work; that is, laser output power was varied between 1 kW and 3.5 kW, laser beam scanning velocity varied between 0.9 m/min and 3 m/min, and direction of the side-blow shielding gas was pointed to the opposite welding direction, with an angle of 35 ∘ to the horizon plane, flow rate of side-blow shielding gas of 5∼25 L/min, and defocus amount of −3∼2 mm. If the focus point is above the surface of the workpiece, the defocus amount is positive; if below, the defocus amount is negative.
The experiments were designed to study the influences of each parameter on the weld quality when other parameters were kept constant. Using the experiments we can acquire the optimized parameters for high quality full penetration welded joint.
Besides the above, we defined the laser output power as , welding speed as , side-blow shielding gas flow rate as , defocus amount as Δ , the cap width as , the root width as , and the weld penetration as , respectively.
In order to study the effects of heat input on the mechanical and functional properties of welded joints, stress-strain behavior and shape memory behavior were evaluated by uniaxial quasistatic tensile tests and mechanical cycles, which were carried out in the following way: (a) strain controlled uniaxial loading at a strain rate of 0.04/min up to a total strain = 8%; (b) complete unloading at the same rate and recording the permanent strain .
Results and Discussions

Influence of Laser Output
Power. Experimental observation showed that the morphology of the cross sections of the welded seams was asymmetric and changing from T shape and V shape to X shape with the increasing of the output power of laser. Different morphologies can be seen clearly in Figure 1 . Figure 2 indicated that both depth and width increased with the increasing of laser output power. A higher output power was naturally expected to increase the input energy imposed on the welded seam, hence causing a comparatively large amount of melted or vaporized metal [10, 11] . By observing the cross section of the welded seam, it was clear that full penetration welding occurred within the laser output power range of 1.5∼1.9 kW, while partial fusion occurred within the range of 1.1∼1.5 kW and with welding speed of 1.5 m/min.
Influence of Welding Speed.
Experimental observation showed that the cross-section morphology of welded seams was asymmetric and changing from T shape and V shape to X shape with the decreasing of the laser scan speed, which changed with the decreasing of the laser scan speed. Different morphologies can be seen clearly in Figure 3 . Figure 4 expressed that welding depth and width change with the laser scan speed. It was noted that the welding depth and width were decreased with the increase of the laser scan speed. Because the welding speed matches opposite with the heat input, the increase of welding speed means the decrease of input energy per unit weld length exerted on the welding line, producing a small amount of intermixed melt and finally a thinner welding depth and narrower width [12] .
Through observing the cross section of the welded seam, a full penetration welding occurred within the speed range of 1.8∼1.2 m/min, while partial fusion occurred in the range of 2.1∼3 m/min and with laser output power of 1.5 kW.
Influence of Defocus Amount.
Experimental observation showed that the cross-section morphology of welded seams was asymmetric and changing from T shape and X shape to T shape with the defocus amount variation. Different morphologies can be seen clearly in Figure 5 . Figure 6 indicated that the welding depth and width varied with defocus amount. Power density exerted on the workpiece depends on both the laser beam's power density and the relative amount between the surface of the workpiece and the focus plane. Of course, different defocus amount represents different power density exerted on the workpiece by laser. As shown in Figure 6 , full penetration occurred under the defocus amount range of −2∼3 mm, while partial fusion occurred for −3 ∼ −2 mm and +3 mm. The welding width increased with the decreasing of absolute value of defocus amount. Based on the laser beam transfer characteristics, it is known that the laser spot is the smallest in the focus plane and the power density is the largest. The laser beam gradually diverged away from the focus point. For the positive defocus amount, the laser beam enters the keyhole diverged gradually and induces decreased power density and welding depth, while for the negative defocus amount, the laser beam enters the keyhole converged gradually to the focus point and imposes higher power density than that of the surface of the workpiece, favoring more strong melting and vaporization, facilitating the transfer of the laser energy to more depth, and thus deeper welding depth. Nevertheless, the dimension of the laser spot increases sharply, changing the space distribution of the laser power density, thus decreasing the welding depth. With the increase of positive and negative defocus amount, the spot area irradiated on the facade side of the welding seam increased, inducing the increase of melted metal.
Influence of Side-Blow Shielding Gas Flow Rate.
Experimental observation showed asymmetric welded seams and reflected the influence of side-blow shielding gas flow rate on formation of welded seam. According to the various sideblow shielding gas flow rate, different morphologies can be seen clearly in Figure 7 . Figure 8 showed that the welding depth and width change with various side-blow shielding gas flow rates. The gas flow rates from left to right are 25 L/min, 20 L/min, 15 L/min, 10 L/min, and 5 L/min. When the gas flow rate was below 5 L/min, the weld metal became oxidized and the protection effect was bad; when it was over 10 L/min, the surface of weld appeared silvery white and the protective effectiveness was very good. With the increase of the side-blow shielding gas flow rate, the weld width was a little narrowed down and the roughened surface and uneven formation were shown. The protective effectiveness and the weld formation was the best as side-blow shielding gas flow rate was 15 L∼20 L/min. The above-mentioned considerations underline that the shielding gas plays an important role on the formation of weld. On the other hand, the experiments demonstrate that high gas flow rates yield progressively unstable laser arc; in particular, they do not affect significantly bead geometry and bead depths. Figure 9 showed the effect of two main welding parameters, laser power and welding speed, on the formation of the weld. With the laser power increasing, the type of weld formation changed from partial fusion to full penetration and to excessive penetration finally. With a certain laser power different welding speed can lead to different formation of the weld. Among three types of weld formation, partial fusion and excessive penetration are undesired in practical application. The matching curves were experimentally acquired, which can provide references for laser welding and engineering application of NiTi alloy. 
Effect of Laser Power and Welding Speed on Formation of Weld.
Effect of Heat Input on Tensile Properties.
The heat input is directly related to the laser power, welding speed, and welding efficiency. It can be calculated from heat input = ( / ) × , where is the welding efficiency. For the same material and welding process, the efficiency will not change. For simplicity, can be assumed as a constant of approximate value 1. So, it is clear that if the increases or decreases, the weld heat input will increase. That is to say, the heat input can be adjusted with the change of the laser power or welding speed. In order to evaluate the modification caused by welding in the stressstrain behavior of the material, standard tensile tests were carried out for full penetration samples. Table 1 and Figure 10 showed that the tensile properties of the welded joints had a little difference with different heat input. The reason might be that welded joints have different microstructure. When the heat input is high, welding area melts completely. The grains are uniform and fine. So the tensile properties are relatively high. When the heat input is medium, the grains in the welding zone are columnar grains and exhibit poor strength. When the heat input is low, the fusion method belongs to heat conduction. So the strength is better than coarse columnar grains. Because the weld metal has a typical cast structure, its strength and elongation are much lower than that of the rolled base metal. Based on the above analyses, it can be concluded that the larger the heat input, provided that full penetration occurs, the higher the tensile properties of welded joints. Figure 11 showed the mechanical cycles up to 8% in terms of stressstrain curves for the three full penetration samples. By Advances in Materials Science and Engineering comparing the stress-strain measurements of the weld, the permanent deformation value of the weld was recorded. The value of sample 3 with high heat input is 1.92%. The value of sample 2 with medium heat input is 3.02%. The value of sample 1 with low heat input is 2.42%. The trends of the strain recovered for SME and permanent deformation for three welded samples indicated that high heat input led to smaller residual deformation. The reason for that might be the same with the effects of heat input on tensile properties.
Effect of Heat Input on Functional Properties.
Conclusions
In order to obtain a stable and efficient NiTi laser welding process, the effects of welding parameters including laser power, welding speed, defocus amount, and gas-assisting blowing on weld shaping have been taken into consideration. In addition, the effects of heat input on mechanical and shape memory behavior of the Ti-50.9at.%Ni alloy were investigated. The appropriate matching of main welding parameters is the key to realize the better weld formation. The defocus amount around −2∼3 mm level can lead to full penetration for 2 mm thick tapes of NiTi alloys. The defocus amount of 0∼1 mm can obtain optimal formation of the weld.
The protective effectiveness and the weld formation are the best when side-blow shielding gas flow rate keeps at 15∼ 20 L/min.
The matching curves with laser power and welding speed affecting different formation of welds were experimentally acquired, which can provide references for laser welding and engineering application of NiTi alloy. The heat input of 54.8∼ 70.4 J/mm can acquire optimal formation of the weld.
For full penetration welded joints, the larger the heat input, the higher the tensile properties and the smaller permanent deformation in strain recovering process. The results showed an obvious reduction in the ultimate tensile strength of the welded material together with a reduction of the elongation to fracture. However, shape memory behavior of the welded joints remains acceptable.
The laser welding can take better formation in NiTi alloys. In the area of thin SMA materials, as well as the materials that are difficult to weld by conventional welding methods, laser welding would play a big role in the future.
